Evolutionary rewiring of gene regulatory network linkages at divergence of the echinoid subclasses by Erkenbrack, Eric M. & Davidson, Eric H.
Supporting Information
Erkenbrack and Davidson 10.1073/pnas.1509845112
SI Materials and Methods
Animals and Embryo Cultures. Et sea urchins were obtained from
SeaLife and were maintained in room temperature (r/t) aquaria.
Animals were spawned with 0.5 M KCl. Cultures were grown in
Millipore-filtered sea water (MFSW) in an incubator set to 22 °C
unless otherwise indicated.
Real-Time Quantitative PCR. For each MASO-treated time point,
injected and uninjected embryos were counted (∼70 embryos per
timepoint were used), gently centrifuged, and lysed with Buffer
RLT (Qiagen). Just before column chromatography, an equal
amount of exogenous GFP RNA was added to both treatment
and uninjected control samples to normalize for RNA prepara-
tion, which was carried out according to the manufacturer’s
protocol (RNeasy; Qiagen). All samples were processed in
concert. cDNA was synthesized for the entire sample (iScript;
Bio-Rad). Approximately one embryo per reaction was assayed
in triplicate by QPCR (SYBR Green; Life Technologies). Primer
sequences to amplify QPCR products in this study are presented
in Table S1.
WMISH. Digoxigenin (DIG)- or fluorescein (FLU)-labeled RNA
probes were prepared by cloning purified PCR product (0.7–1.2 kb
in length) into PGEM-T vector (Promega). All plasmids were
sequenced to confirm insert and orientation. Primer sequences
used to amplify PCR product used for this study are presented in
Table S2. Antisense RNA probe was synthesized with T7 or SP6
RNA polymerase (Roche) and purified by column chromatog-
raphy (RNeasy; Qiagen). For fixation, embryos were fixed on ice
in paraformaldehyde (PFA)-maleic acid buffer (MAB) fixa-
tion buffer [4% (wt/vol) PFA, 32.5% (vol/vol) MFSW, 32.5 mM
maleic acid (pH 7),162.5 mM NaCl], left overnight (o/n) at 4 °C,
and brought into hybridization buffer (HyB: 50% formamide, 5×
Denhardt’s, 5× SSC, 1 mg/mL yeast tRNA, 100 mM NaCl, 0.1%
Tween-20, and 50 μg/mL Heparin) by the following series: 10%,
25%, 50%, 75%, and 100%. Fixed embryos were washed twice in
and also stored in HyB at −20 °C. For WMISH, a modifed
version of a standard protocol (43) was used. Briefly, fixed em-
bryos were incubated in HyB at 63 °C for 1 h. DIG- or FLU-
labeled probes were added to a final concentration of 0.5–1 ng/μL
and incubated o/n at 63 °C. Posthybridization washes were the
following: HyB for 15 min, 50:50 HyB/2× SSC for 15 min, 2X
SSC for 20 min, 0.2× SSC for 20 min, 0.1× SSC for 30–60 min.
Embryos were washed 3× in Tris-buffered saline with Tween-20
(TBST) and blocked at r/t in blocking buffer 1 [80% TBST, 10%
sheep serum, 1 mg/mL bovine serum albumin (BSA)] for 30 min,
and subsequently blocking buffer 2 (89% TBST, 10% sheep se-
rum, 0.1 mg/mL BSA) for 30 min. Anti-DIG or -FLU fab frag-
ments (Roche) was added to a final concentration of 0.25 μg/mL,
incubated for 1 h at r/t, and removed by washing 6× in TBST.
Probes were detected by washing 2× in alkaline phosphatase
(AP) Buffer and 1× in AP Buffer with 10% dimethylformamide
and nitro blue tetrazolium (NBT)/5-chloro-4-bromo-3-indolyl
phosphate (BCIP). Staining was halted with TBST/EDTA. Em-
bryos were stored in 70% glycerol until imaging.
Microinjection of MASOs, Constructs, and RNA. Unfertilized eggs of
Et were prepared essentially as described (44). MASOs were
synthesized by Gene Tools (Philomath), and their sequences are
provided in Table S3. All MASO injection solutions were 1 mM,
and each fertilized egg received ∼10 pL of injection solution.
Embryos for WMISH or QPCR were collected and processed
as described above. Dominant-negative Cadherin RNA—which
blocks β-catenin nuclearization at the vegetal pole, as described
(38)—was injected at a concentration of 1,000 ng/μL. For visu-
alization of early, asymmetric nuclearization of β-catenin, RNA
encoding a fused β-catenin:GFP product was synthesized by us-
ing SP6 mMessage Machine RNA polymerase (Life Technolo-
gies) and injected at a concentration of 3 μg/μL. For microinjection
of the 2.59-kb sp-pmar1 minimal reporter construct from ref. 34,
∼1,500 molecules of reporter construct were injected per embryo,
and injected embryos were scored at 26 h postfertilization (hpf).
Treatment with C59 Inhibitor. The concentration of the porcupine
inhibitor C59 (C7641-2s; Cellagen Technology) at which to
expose embryos of Et was established by dose–response. Shortly
after fertilization, embryos were assigned to four treatment
groups of the inhibitor: 0.3, 0.9, 3, and 9 μM. Phenotypes for
these groups were assessed under a dissecting microscope.
Based on these observations, experiments were carried out at
1.5 μM. Embryos were added to the C59-containing MFSW
shortly after they were fertilized, cultured in the medium at
22 °C until the desired time, and processed for QPCR analysis
as described above.
Fig. S1. Time course of mRNA expression of Sp double-negative gate genes in this study. The left ordinate shows the estimated number of transcripts per
embryo as determined by QPCR for delta, ets1, hesC, and tbrain. The right ordinate (shown in red) is estimated transcripts per embryo for alx1 only. The x axis
shows the time points in development assayed, starting at fertilized egg (0 hpf) and ending when skeletogenic mesenchyme ingresses at early gastrula stage
(30 hpf). A protocol for estimating the number of transcripts per embryo is described in SI Materials and Methods.
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Fig. S2. Spatial expression of delta, hesC, and tbrain at early gastrula stage in Et. Delta is observed in a few mesodermal cells at this stage and begins to be
expressed in a scattered pattern in the ectoderm. HesC is expressed in the nonskeletogenic mesoderm and endoderm, is absent from the ecto-endodermal
boundary, and is expressed in a diffuse, nonspecific pattern in the ectoderm. Tbrain expression is seen throughout the mesoderm and here can be seen in the
ingressing spicule precursor cells at the tip of the archenteron.
Table S1. Sequences of primer sets for QPCR detection
Gene QPCR forward primer QPCR reverse primer
Alx1 ATCCGGGTATGAAATGCCCA TTCTGCAGATGCGGAGCATA
Delta AAATGTAACGTGCCGTGTGAGCCA TACAGCTCACATTGGTCGCACCT
Ets1 TGAGTCATCACCGAACTCGAACCA GGTGTCCGTCAAACGTGTCAAA
FoxQ2 TACGCCTATCCTTCCACCATC GTGAAGGCAGCGACGAATATG
HesC ACGTCGAGCAAGAATCAACG CACTCGACTGGGTCTGTAATTCCT
Tbrain ATTCTCCAAGGTAGTGGGCTGCAT GATGCGAGGTTGGTACTTGTGCAT
Table S2. Sequences of WMISH primer sets used in this study
Gene WMISH forward primer WMISH reverse primer
Alx1 TGAAATGCCCATAGCTCCACGA ATGCCCATGACTGAACTGTGCT
Delta ACGGTGATACTAATCCTTCACTGG AGACAGGTGTACCCGTCAGC
Ets1 AATGAGGTTGGACGAGTGCTGTCA GTCCGTCAAACGTGTCAAAGGGT
HesC ACGCAAACGTCGAGCAAGAATC GCCACATTTGTTTGGCAGCTGTTG
Tbrain TGTTCCCTCAACTGGTCTTCAAGC CATAGCGCCCTCTTGTGATAGGAT
Table S3. Sequences of MASO antisense oligonucleotides in this
study
Gene MASO sequence Interferes with
Alx1 AGTATTTCATCGTCTCCACCTTTTC Splicing
Delta ATAACATATAGCACGCCGAGAAGGC Translation
HesC AATCACAAGGTAAGACGAGGATGGT Translation
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